Methods for enhancing the gripping ability of microtweezers are examined in terms of friction force. Two aspects are investigated experimentally. One is a method for increasing the coefficient of friction of the handling part of the microtweezers. We examined the effect of the etching time on the surface roughness of surfaces processed by the Bosch process and the coefficient of friction. The coefficient of friction increased with increasing etching time. The other aspect we investigated is the optimum handling force. In tweezers-based handling, it is not clear whether the friction force is proportional to the handling force in accordance with Coulomb's law of friction. We performed measurements and found that the friction force is approximately proportional to the handling force. Using this knowledge, the optimum handling force can easily be determined.
Introduction
The demands made of micro-handling systems have been increasing. We have developed microtweezers for handling microsamples during scanning electron microscopy (SEM) observations. Various micro-handling systems have been investigated, including a two-finger system [1] - [3] and one that utilizes electrostatic force [4] . We chose tweezers-based handling since it enables samples to be picked up and put down easily. But there is a danger of dropping samples when using tweezers since there is no redundancy in tweezers-based handling (i.e., tweezers only have two prongs) and SEM samples are not very small (usually 10 -20 µm). In micro-handling, it is important to prevent an object from being dropped. The gripping ability of tweezers-based handling has not been studied very extensively. Our purpose is to enhance the grip performance of microtweezers. One approach for achieving this is to increase the friction force of the contact surface. We investigated a method for increasing the coefficient of friction of the handling surface of microtweezers. We also determined the optimum handling force. In tweezers-based handling, there is uneven contact between the tweezers and the object and the magnitude of the handling force affects the contact conditions. Therefore, it is not clear whether the friction force is proportional to the normal force as Coulomb's law of friction states. We measured the relationship between the handling force and the friction force and determined the optimum handling force. Figure 1 shows the structure and dimensions of the microtweezers used in this study. This microtweezers are fabricated from a 200-µm-thick silicon wafer by deep reactive ion etching (RIE). The handling parts of the tweezers are sidewalls. The handling parts have dimensions of about 160×200 µm. A shape-memory alloy wire is used as the actuator to open and close the fingers. Figure 2 shows the process flowchart. The Bosch process is used for deep-RIE; recently, this process has been commonly used for deep dry etching. The Bosch process consists of two steps: etching and passivation. These steps are repeated alternately in a cycle. As illustrated in Fig. 3 , in the etching step, the whole surface is isotropically etched by the plasma etching gas (SF 6 ), while in the passivation step, the entire surface is coated with a passivation layer by the passivation gas (C 4 F 8 ). Figure 4 shows a micrograph of a surface processed by the Bosch process. The etching direction is parallel to the z-axis. A characteristic pattern on the surface is visible. This pattern is due to the two steps in the Bosch process and it is known as a "scallop" pattern. 
Process

Experiments
The gripping ability of microtweezers is considered mainly to be generated by the friction force. The friction force approximately depends on the coefficient of friction and the normal force according to Coulomb's law of friction: F = µ・N (1) First, we investigated the surface roughness caused by the Bosch process and examine whether it is possible to increase the coefficient of friction of the handling (contact) part of the tweezers by increasing the surface roughness. Second, we determine the optimum handling force by experimentally investigating the relationship between the handling force and the friction force of our microtweezers.
Etching time and surface roughness
We examined the effect of the process conditions on the surface roughness. Table 1 shows the process conditions we adopted. We choose the etching and passivation times as parameters. The etching and passivation times are usually set to about 10 s and 3 s respectively. We kept the ratio of the etching time to the passivation time at 10:3, since this is necessary to produce a perpendicular sidewall (see Fig. 3 ). Table 2 shows the measured surface roughnesses. The surface roughness is expressed by Ra (arithmetic average roughness (µm)). The roughness was measured using a laser surface roughness tester (Keyence, Color 3D Laser Microscope, VK-9710). For comparison, the surface roughness of a silicon wafer with a mirror-finished surface is show in the table. The table also shows contour maps of the surface roughness. The surface roughness increases with increasing step times.
Surface roughness and coefficient of friction
We examined the relationship between the surface roughness in Table 2 and the static coefficient of friction of the processed surface. Before examining the friction characteristics, we conducted elemental analysis of the processed surface by energy-dispersive X-ray spectroscopy in SEM. The results are shown in Fig. 5 . It shows that silicon (Si) is the abundant element and that there are small amounts of carbon (C) and fluoride (F). Carbon and fluoride are components of the passivation gas (C 4 F 8 ). Figure 6 shows the experimental setup for measuring the coefficient of friction. In this experiment, the object that is handled is a silicon wafer chip with a mirror-finished surface. The chip is sandwiched between two surfaces with the surface roughnesses given in Table 2. A normal force is then applied to the upper surface. The apparent contact area between the chip and the surface is approximately 10 mm×0.2 mm. The wafer chip is pulled very slowly in the lateral direction (the x-axis in Fig. 4 ; i.e., perpendicular to the etching direction). The lateral force was measured for different normal forces. The coefficient of friction is obtained from the measured normal and lateral forces. Regarding the contact conditions between the tweezers and the handled object, either plane contact or uneven (line) contact occurs. Therefore, the experiment should be conducted for both contact conditions. However, since it is difficult to set the same contact conditions each time for uneven contact, the experiment was only performed for plane contact. Step Table 2 Etching and passivation times and the measured surface roughnesses Figure 7 shows the relationship between the normal force and the friction force (i.e., half the lateral force). The parameters are the etching time (T e ) and the passivation time (T p ). The friction force is almost proportional to the normal force and the slope of each line gives coefficient of friction (µ = F/N). The static coefficient of friction is shown in Table 3 . Figure 8 shows the relationship between the etching time, the surface roughness, and the coefficient of friction. Figure 8(a) shows the relationship between the etching time and the surface roughness. The surface roughness increases with increasing etching time. Figure  8(b) shows the relationship between the surface roughness and the coefficient of friction. The coefficient of friction increases with increasing surface roughness. The increase in the coefficient of friction is considered to be mainly due to an increase in the plowing friction. But the coefficient of friction becomes saturated when the surface roughness is close to about 0.4. Therefore, the etching time should be set to about 15 -20 s to ensure a sufficiently high coefficient of friction. Figure 8(c) shows the relationship between the etching time and the coefficient of friction. It shows that increasing the etching time increases the coefficient of friction.
We conducted the experiment shown in Fig. 6 for different surface roughnesses of the upper and lower surfaces and for different handled materials. We chose a silicon wafer with a mirror-finished surface to give different surface roughness and we used aluminum and polymer (acryl) besides silicon as the handled materials. Both materials have low surface roughnesses. Table 4 shows the measured static coefficients of friction. It shows that for both materials the coefficient of friction increases as the surface roughness of the handling part increases. For the silicon sample, the coefficient of friction of the handling part with a mirror-finished surface increases a little; this is considered due to the absorption between the contact surfaces. But the coefficient of friction of the Bosch processed surface with a high surface roughness (Ra: 0.357) is almost equal to that of the mirror-finished surface (Ra: 0.395). Table 4 Measured static coefficients of friction with different surface roughness of the handling part and handled materials Figure 9 illustrates the contact conditions between the tweezers and the handled object. The contact is usually uneven (line) contact. Such contact conditions occur in tweezers due to the working mechanism and structural deflection. If the contact conditions do not change, the friction force will be proportional to the handling force, in accordance with Coulomb's law of friction. But in tweezers, the relationship between both parameters is unclear because the contact conditions depend on the handling force. It is important to clarify this relationship in order to determine the optimum handling force. Figure 10 shows the experimental setup. The friction force was measured at various handling forces. The handling object is a thin stainless steel sheet (thickness: 5 µm, smooth surface). As shown in Fig. 10 , one of the fingers of the tweezers is fixed and the handling force is applied to the other finger. The thin sheet is then pulled laterally (parallel to the x-axis in Fig. 4 ) at a very low velocity. The other experimental parameters are shown in Fig.  6 . A stainless steel sheet was selected as the handling sample in this experiment since the sample must be thin enough to permit it to be handled and be sufficiently long to generate a drag force. The purpose of this experiment is to investigate the relationship between the handling force and the friction force. Figure 11 shows the relationship between the handling force and the friction force (i.e., half the lateral force). It shows that the friction force is almost proportional to the handling force. Based on this result, it is considered that the gripping ability of the tweezers can be enhanced by increasing the handling force provided that no damage is sustained to either the tweezers or the handled object. We considered why the relationship is proportional despite the fact that the contact conditions change when the handling force is altered. We considered that it is probably related to the sample length. There are two cases to consider: when the handled object is shorter than the handling part of the tweezers (see Fig. 12(a) ) and when the handled object is longer (like Fig. 12(b) ). The experimental conditions shown in Fig. 10 are similar to those of Fig. 12(b) . We conjecture that reason why the contact conditions in Fig. 12(b) do not change much with the handling force is because the handled object is toward the rear of the contact area. In contrast, a pushing force is produced in the contact area in the situation depicted in Fig. 12(a) , which may cause the contact conditions to change.
Optimum handling force for tweezers
(a) Sample shorter than the handling part (b) Sample longer than the handling part Either plane contact or uneven (line) contact exists between the tweezers and the handled object. The contact conditions depend on the thickness of the handled object and the handling force. Therefore, it is not always possible to generate plane contact. To increase the gripping ability of tweezers, it is important to maximize the coefficient of friction and to optimize the handling force.
Conclusion
(1) We confirmed that in the Bosch process, surface roughness increases with increasing etching time, which in turn increases the coefficient of friction. Therefore, it is possible to increase the coefficient of friction using a long etching time. This enhances the gripping ability of tweezers. (2) We found out in tweezers-based handling, the friction force on the contact surface is almost proportional to the handling force. This relationship is helpful for determining the handling force required to generate a sufficiently high gripping force.
